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ABSTRACT: The purpose of this study was to
evaluate the effect of adjusting for heterogeneous
variances across breed groups on prediction of breed-
ing values (PBV) of selected sires and on breed of sire
effects. Data on weights at birth (BWT), 200 d
(WW), and 365 d (YW) of purebred and crossbred
calves from matings of Angus (A) , Hereford (H),
Polled Hereford, Charolais, Shorthorn, Simmental,
Limousin, Maine-Anjou, Chianina, Gelbvieh, Taren-
taise, and Salers bulls to A and H cows were used.
Calf performance in H and A dams was treated as a
different trait. Models compared included fixed birth
year, cow age, and sex classes and crossbreeding effect
as a covariate; random direct and maternal genetic
and permanent environmental effects were also in-
cluded, but their variance structure was different.
Model I assumed homogeneous variances across breed
groups. Model II accounted for heterogeneous vari-
ances. Sires were ranked based on PBV from each
model, and means of PBV of selected sires were
calculated based on Model II. Differences between
mean PBV were small for BWT, intermediate for WW,
and larger for YW. Differences in PBV of selected sires
increased as selection intensity increased, but only for
WW and YW. Large differences in mean PBV of
selected sires between maternal environments (H vs
A) were observed for WW and YW for various sire
breeds. Means of PBV of selected sires based on Model
II exceeded those based on Model I by 6 to 16 kg of YW
for various selection intensities and maternal environ-
ments. Estimates of breed of sire effects from Model I
or II were similar for BWT and WW, but large
differences were found for YW. Results indicate that
some additional economic returns may be gained by
commercial producers if sires are chosen across breeds
based on predicted genetic values computed with
models accounting for heterogeneous variances.
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J. Anim. Sci. 1995. 73:2940±2950
Introduction
Currently, interest has increased about the possibil-
ity of comparing genetic values of bulls across breeds
of beef cattle to take advantage of genetic differences
within and among breeds (e.g., BIF, 1989, 1991).
When the genetic evaluation of sires from various
breeds mated to different breeds of dams is desired,
information about sire × breed of dam interaction and
about heterogeneity of variances across breed groups
is required. Indications of reranking of sires when
mated to different breeds of dams have been previ-
ously reported (Massey and Benyshek, 1981; Tilsch et
al., 1989; NuÂnÄez-Dominguez et al., 1993a). Although
the assumption of homogeneous variances is reasona-
ble for data on purebreds, when different breed groups
are involved in genetic evaluations this assumption
may no longer be true (Elzo and Famula, 1985; Van
Vleck, 1987; Arnold et al., 1992), as evidence in beef
cattle suggests (Garrick et al., 1989; NuÂnÄez-Domin-
guez et al., 1993a).
Procedures to handle heterogeneous variances
across genetic groups in beef cattle have been devel-
oped by Elzo and Famula (1985) using sire-maternal
grandsire models and by Arnold et al. (1992) using an
animal model or a reduced animal model. However,
effects of adjusting for heterogeneous variances of
various random effects have not been reported. Thus,
the purpose of this study is to evaluate the importance
of accounting for heterogeneity of variances across
genetic groups on prediction of genetic values of
selected sires and on estimates of breed of sire effects
using a multivariate animal model.
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Materials and Methods
Description of Data. Records of birth weight ( BWT,
n = 5,137), 200-d weight ( WW, n = 4,744),
365-d weight ( YW, n = 4,474) of purebred and
crossbred calves produced in the Germplasm Evalua-
tion ( GPE) Program at the Roman L. Hruska U.S.
Meat Animal Research Center in Clay Center, NE
were used. Matings of sires of several breeds to
Hereford and Angus cows have been made in the GPE
program to characterize breed resources for many
economically important traits. Four cycles of the GPE
project have been completed. Cycle I was conducted
from 1970 through 1972, Cycle II in 1973 and 1974,
Cycle III in 1975 and 1976, and Cycle IV from 1986
through 1990. Twelve breeds were used in this study:
Angus, Hereford, and Polled Hereford in all cycles;
Charolais in cycles I and IV; Limousin and Simmental
in Cycle I; Gelbvieh, Maine-Anjou, and Chianina in
Cycle II; Tarentaise in Cycle III; and Shorthorn and
Salers in Cycle IV. The same Hereford, Angus, and
Polled Hereford bulls were used by artificial insemina-
tion in all cycles to create ties for breed comparisons.
Additionally, new samples of Hereford, Angus, Polled
Hereford, and Charolais bulls born after 1982 were
used in Cycle IV.
Numbers of sires across the 12 sire breeds were
393, 390, and 388 for BWT, WW, and YW, respec-
tively. Calf performance in Hereford or Angus mater-
nal environments was treated as a different trait.
Numbers of calves out of Hereford and Angus cows
were, respectively, 2,387 and 2,750 for BWT, 2,180
and 2,564 for WW, and 2,092 and 2,382 for YW. More
information about numbers of sires, dams, and
progeny by breed of sire and breed of dam was
reported in a previous paper (NuÂnÄez-Dominguez et
al., 1993a).
Management of these animals has been reported
(e.g., Smith et al., 1976; Laster et al., 1979; Cundiff et
al., 1984). In brief, calves were born in the spring,
males were castrated within 24 h and all calves were
weaned at about 200 d of age, except that calves born
in 1974 were weaned at 167 d of age due to drought
conditions. After weaning, heifers were managed to
calve at 2 yr of age and were fed a diet of
approximately 50% corn silage and 50% alfalfa or
grass haylage, plus protein and mineral supplement.
Steers received a high-energy-density diet for approxi-
mately 196 d, after a preconditioning period of 25 to
58 d. Averaged across years and feeding periods the
diets contained (dry matter basis) approximately
12.8% crude protein, 9.2% digestible protein, and 2.8
Mcal of ME/kg.
The Model. Two models with similar fixed and
random effects but with different covariance struc-
tures were compared. Both models account for rerank-
ing of sire's breeding values across Hereford and
Angus maternal environments by treating perfor-
mance of calves of each of these breeds of dams as a
different trait. The model for traits (e.g., birth
weight) expressed in Hereford or Angus maternal
environments, h or a, respectively, can be represented
as follows:
+=

yh
ya
 
Xh
0
0
Xa
 
bh
ba
 
Th
0
0
Ta
 
th
ta

+ +

Zh
0
0
Za
 
gh
ga
 
Mh
0
0
Ma
 
mh
ma

+ 
Wh
0
0
Wa
 +
ph
pa
 
eh
ea

The representation when both traits are combined
is as follows:
y = Xb + Tt + Zg + Mm + Wp + e,
where y is the vector of observations; b is the vector of
common fixed effects across sire breeds (but separate
for each breed of dam) including birth year, cow age,
and sex as classes, and the crossbreeding ( HET)
effect as a covariate; X is the matrix that associates b
with y; t is the vector of sire-breed effects or sire-
breed-group effects (sires from Angus, Hereford,
Polled Hereford, and Charolais breeds were assigned
to two groups corresponding to bulls born before or
after 1982, for example, Angus 1 and Angus 2); T is
the matrix that associates t with y; g is the vector of
breeding values for direct genetic effects; Z is the
matrix that associates g with y; m is the vector of
breeding values for maternal genetic effects; M is the
matrix that associates m with y; p is the vector of
permanent environmental effects including nonaddi-
tive genetic effects contributed by dams to their
progeny; W is the matrix that associates p with y; and
e is the vector of residual effects that are not
explained by other parts of the model. Birth date was
included in b as a covariate for BWT but not for WW
or YW. Expectations of these models are as follows:
E[y] = Xb + Tt
The difference between the models was the covari-
ance structure assumed. Model I, the average vari-
ance model, assumed homogeneous variances and
covariances across all sire breeds. Thus, averages of
the estimates of (co)variance components by sire
breed (Tables 1, 2, and 3) were obtained to use in
setting up the mixed-model equations. These (co)vari-
ance components were estimated by NuÂnÄez-Domin-
guez et al. (1993a). The variance-covariance matrix of
genetic effects is G = Go´A, where A is the matrix of
additive genetic relationships among animals, ´ is a
direct product operator, and Go is the matrix of
(co)variances between traits of an animal: 
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Table 1. Estimates of variances for direct ( ) and maternal ( ) genetic effects and for permanentsg
2 sm
2
environmental ( ) and residual ( ) effects, and of covariances (sgm) between g and m, forsp
2 se
2
expression of genes in calves from Hereford (H) and Angus (A) cows for birth weight
Breed s ( H )g
2 s ( A )g
2 s ( A )m
2 s ( A )m
2 s ( H )p
2 s ( A )p
2 s ( H )e
2 s ( A )e
2 sg(H,A) sgm( H ) sgm( A )
Angus 10.08 10.79 1.83 .15 .54 4.00 3.53 2.99 9.55 .01 −.48
Hereford 12.47 7.92 3.43 3.26 .01 .02 3.38 8.39 9.66 1.42 −.46
Polled Hereford 14.36 7.01 .72 7.01 8.22 1.50 .01 .47 8.83 1.47 .83
Charolais 12.03 10.53 8.51 2.57 1.01 7.87 3.12 .95 10.40 −1.26 1.89
Shorthorn 13.48 9.02 6.20 .83 1.93 3.78 6.99 7.53 4.23 4.86 2.23
Simmental 6.75 8.93 .54 5.44 .60 .48 14.12 2.43 7.32 −.15 2.25
Limousin 8.00 7.38 4.69 4.85 .06 .28 .01 1.56 6.38 2.10 2.61
Maine-Anjou 14.69 12.87 1.44 .59 3.02 .01 .01 16.25 5.86 3.60 2.00
Chianina 14.65 14.12 2.51 11.17 1.88 1.56 7.87 3.45 14.21 .37 1.07
Gelbvieh 14.86 12.64 5.58 4.89 2.87 1.72 .81 6.98 13.00 .02 −2.43
Tarentaise 6.37 2.61 5.98 .45 3.71 .71 .38 12.33 3.52 1.25 .51
Salers 2.26 3.49 1.28 12.02 16.59 4.07 2.21 6.20 2.60 −.01 −2.39
Average 10.88 9.13 3.50 3.65 1.84 2.31 3.78 5.14 8.83 .65 .43
Table 2. Estimates of variances for direct ( ) and maternal ( ) genetic effects and for permanentsg
2 sm
2
environmental ( ) and residual ( ) effects, and of covariances (sgm) between g and m, forsp
2 se
2
expression of genes in calves from Hereford (H) and Angus (A) cows for 200-day weight
Breed s ( H )g
2 s ( A )g
2 s ( H )m
2 s ( A )m
2 s ( H )p
2 s ( A )p
2 s ( H )e
2 s ( A )e
2 sg(H,A) sgm( H ) sgm( A )
Angus 310.5 231.3 173.8 96.5 .1 49.9 75.1 48.1 253.0 51.3 37.5
Hereford 133.4 193.3 136.3 207.2 .1 22.1 177.6 126.5 88.7 85.2 −76.3
Polled Hereford 302.1 221.1 146.1 9.0 159.2 88.8 22.8 120.1 198.8 37.0 24.3
Charolais 274.7 96.6 279.6 78.8 8.7 10.3 176.6 307.8 88.4 83.8 46.9
Shorthorn 205.3 211.6 269.1 8.7 57.8 7.4 70.0 370.8 196.9 55.4 −3.2
Simmental 179.6 247.9 55.1 124.4 55.1 165.6 65.1 14.3 151.1 46.1 −103.4
Limousin 247.1 293.8 77.8 186.0 106.6 28.7 82.1 102.4 178.0 95.9 67.5
Maine-Anjou 291.7 204.3 88.4 84.9 12.6 116.6 238.2 102.5 136.5 68.3 67.0
Chianina 256.4 267.8 154.1 285.1 63.2 10.9 36.5 10.8 192.8 67.6 63.7
Gelbvieh 174.5 95.6 19.3 1.0 344.8 98.6 198.0 252.4 118.4 −22.1 −.3
Tarentaise 303.5 277.0 141.6 127.6 83.6 8.0 98.1 79.8 237.6 84.1 81.4
Salers 319.6 101.7 133.7 340.6 129.5 6.6 149.8 4.9 170.5 55.0 35.8
Average 248.5 201.2 147.6 128.3 59.4 49.4 115.4 125.5 165.6 59.7 5.1
Table 3. Estimates of variances for direct ( ) and maternal ( ) genetic effects and for permanentsg
2 sm
2
environmental ( ) and residual ( ) effects, and of covariances (sgm) between g and m, forsp
2 se
2
expression of genes in calves from Hereford (H) and Angus (A) cows for 365-day weight
Breed s ( H )g
2 s ( A )g
2 s ( H )m
2 s ( A )m
2 s ( H )p
2 s ( A )p
2 s ( H )e
2 s ( A )e
2 sg(H,A) sgm( H ) sgm( A )
Angus 493.3 702.9 233.8 177.4 16.4 42.4 242.7 205.5 397.3 199.6 134.0
Hereford 532.3 731.5 192.1 240.2 289.1 .2 78.6 56.9 537.2 38.1 208.8
Polled Hereford 638.1 355.7 470.2 113.4 35.6 130.9 411.3 215.4 383.1 242.7 −88.7
Charolais 544.0 800.5 22.6 16.3 433.4 .1 241.5 367.6 649.1 15.6 12.9
Shorthorn 213.3 209.9 20.0 125.4 877.1 96.6 321.5 859.5 183.9 22.9 −60.3
Simmental 522.0 492.8 100.6 85.2 .1 203.1 42.5 306.9 442.0 112.0 −8.6
Limousin 481.7 234.1 170.7 163.4 573.4 .7 9.2 301.4 302.6 43.4 80.3
Maine-Anjou 378.4 244.8 158.7 141.3 220.3 .3 115.0 320.2 151.9 91.5 155.8
Chianina 214.2 661.3 485.0 145.1 156.7 2.9 30.3 74.2 366.0 38.7 −.9
Gelbvieh 781.1 725.9 359.6 510.7 .1 .1 224.5 .1 694.6 180.1 −115.7
Tarentaise 278.9 160.6 56.0 25.6 94.1 78.8 126.4 455.7 125.2 38.6 28.1
Salers 280.3 307.0 373.2 170.7 261.7 156.4 507.5 127.0 225.5 200.9 37.7
Average 491.9 559.9 208.8 172.7 205.2 46.3 184.1 224.7 427.6 112.4 66.1
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.Go =
sgh
2
sgha
sgmh
0
sgha
sga
2
0
sgma
sgmh
0
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0
sgma
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sma
2

The diagonal variance matrix of maternal perma-
nent environmental effects is P of order equal to the
number of dams, with diagonals s for i = h, a. Thepi
2
diagonal variance matrix of residual effects is R of
order equal to the number of records, with diagonals
s for i = h, a.ei
2
Except for the g's and m's within breed of dam, all
random effects are assumed to be uncorrelated. The
reason is that although maternal effects could be
estimated for Hereford and Angus sires through the
relationship matrix, this could not be done for all
other breeds, because they did not have any F1
daughters used as dams in the data set.
Inverses of the variance-covariance matrices for
random effects are required to set up the mixed-model
equations. The inverse of the variance-covariance
matrix of genetic effects is G−1 = G A−1, which can´o
−1
be represented as follows:
G−1 = ,

Gg
Ggm
Ggm
Gm

where, for example, Gg is the direct product of the first
2 × 2 diagonal block of G by A−1; then, the left-hando
−1
side ( LHS) of the mixed-model equations, augmented
by zero columns in Z and M so that g and m contain
the same animals, can be written as follows:

X′R−1X
T′R−1X
Z′R−1X
M′R−1X
W′R−1X
X′R−1T
T′R−1T
Z′R−1T
M′R−1T
W′R−1T
X′R−1Z
T′R−1Z
Z′R−1Z + Gg
M′R−1Z + Ggm
W′R−1Z
X′R−1M
T′R−1M
Z′R−1M + Ggm
M′R−1M + Gm
W′R−1M
X′R−1W
T′R−1W
Z′R−1W
M′R−1W
W′R−1W + P−1

Analyses with model I were done using a multiple-
trait derivative-free REML program (Boldman et al.,
1993). Solutions for fixed and random effects and
expectations of the solutions for fixed effects were
obtained.
Model II, the heterogeneous variance model, ac-
counts for heterogeneous variances across sire breeds.
Separate estimates of (co)variance components (Ta-
bles 1, 2, and 3) by breed of sire were used to set up
the mixed-model equations. The procedure under this
model was the following: 1) Separate analyses by each
breed of sire, using the multiple-trait program already
mentioned, were done to obtain equation numbers and
respective coefficients of the LHS and right-hand side
( RHS) of the mixed-model equations for each breed of
sire. 2) Equation numbers of the LHS and RHS for
common fixed effects across sire breeds were recoded
to be the same for all separate analyses. 3) The
recoded LHS and RHS members from separate ana-
lyses were combined and then used with SPARSPAK,
a sparse matrix software package (George et al.,
1980), to obtain solutions, sampling variances, and
expectations.
The structure of the LHS of the mixed-model
equations are analogous to the LHS under Model I,
but with a series of 12 diagonal blocks corresponding
to each breed of sire. Each block includes breed group
of sire effects and genetic and permanent environmen-
tal effects.
Among these two models, the one accounting for
heterogeneous variances, or Model II, was chosen as
the more correct model. For these models, predictions
of breeding values of sires are the sum of solutions for
sire group effects and solutions for deviations due to
direct genetic effects. Breeding values of sires for each
performance trait were predicted under each of the
two models when sires would be mated to Hereford ( tÃi
+ gÃ ij(H)) or Angus ( tÃi + gÃ ij(A)) cows. Also, the average
of predicted breeding values was calculated when sires
would be mated equally to Hereford and Angus cows.
Product-moment (Pearson) and rank (Spearman)
correlations of predicted breeding values for Models I
and II were calculated for each sire breed and across
breeds.
To quantify the effect of ignoring heterogeneity of
variances on breeding values of selected bulls, sires
were first ranked based on the three predicted
breeding values for BWT, WW, and YW under each
model; then, the mean breeding values of the top 20%
sires for each ranking were calculated from evalua-
tions with Model II. Finally, differences between mean
predicted breeding values of sires selected with Models
I and II were calculated. The differences in mean
predicted breeding values also were calculated for the
5, 10, 15, and 20% of sires selected based on across-
breeds ranking.
Expectations of solutions for breed group of sire
effects and for HET effects are the same for these two
models. As an example, expectations of solutions when
sires were mated to Hereford cows were as follows:
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E(AnguÃs 1) = Angus 1 − Angus 2
E(AnguÃs 2) = 0
E(HereÃford 1) = Hereford 1 + FC
E(HereÃford 2) = Hereford 2 + FC
E(Polled HereÃford 1) = Polled Hereford 1 + FC
E(Polled HereÃford 2) = Polled Hereford 2 + FC
E(CharoÃlais 1) = Charolais 1 − Angus 2
E(CharoÃlais 2) = Charolais 2 − Angus 2
E(SimmeÃntal) = Simmental − Angus 2
E(LimouÃsin) = Limousin − Angus 2
´
´
´
E(SaleÃrs) = Salers − Angus 2
E(HEÃ T) = HET + Angus 2 + FC,
where FC are the fixed-effect levels for which con-
straints were assigned to make full rank the LHS of
the mixed-model equations. Linear functions of the
solutions were obtained such that every sire-breed-
group effect was confounded with similar effects so
that differences were estimable. Because purebred
performance is not associated with heterosis effects,
an estimate of individual heterosis for Hereford and
Angus crosses ( hHA) , obtained from these data, was
added to purebred matings to adjust performance to
F1 basis. Then,
E(AnguÃs 1 + HEÃ T) = Angus 1 + HET + FC
E(AnguÃs 2 + HEÃ T) = Angus 2 + HET + FC
E(HereÃford 1 + hÃ HA) = Hereford 1 + hHA + FC
E(SimmeÃntal + HEÃ T) = Simmental + HET + FC,
and so, differences between these expectations esti-
mate breed group of sire differences. An implicit
assumption is a common heterosis effect among Bos
taurus crosses (Cundiff et al., 1986), equivalent to
hHA.
Results and Discussion
Correlations. Product-moment and rank correlations
between predicted breeding values of sires from
models with and without heterogeneous variances for
BWT, WW, and YW are shown in Table 4. These
estimates were calculated for predictions of sires when
used on Hereford or Angus or equally on Hereford and
Angus cows.
Estimates of product-moment and rank correlations
across breeds of predicted breeding values with and
without accounting for heterogeneous variances were
approximately one for BWT and WW regardless of the
maternal environment. However, these correlations
were smaller for YW than for the other traits and
smaller for Hereford than for Angus maternal environ-
ments. No difference was observed between product-
moment and rank correlations of breeding values
across breeds, but larger differences were observed
when these correlations were calculated by breed of
sire.
Generally, rank correlations estimated by breed of
sire tended to be smaller than product-moment
correlations. No particular pattern was expected in
comparing these correlations, because of their nature,
except that rank correlations are likely to be more
variable and less precise for traits that are normally
distributed. For example, for observations around the
mean, rank changes occur quite easily relative to
magnitude of differences on the normal scale. Product-
moment correlations assume bivariate normal (joint)
distribution of random variables (Gill, 1978), in this
case predicted breeding values, and quantify the
degree of linear association between predictions from
Models I and II. Conversely, rank correlations meas-
ure the degree of association of ranks of predicted
breeding values of sires from both models.
Correlations within sire breeds were generally
smaller than those calculated across breeds, which is
expected because correlations are highly dependent on
the range of variables sampled (Gill, 1978). Rank
correlations for BWT calculated when sires were to be
used equally in Hereford and Angus cows were
relatively large for most sire breeds, except for
Limousin (.78), Tarentaise ( −.07), and Salers (.72).
Correlations for WW tended to be smaller than for
BWT. For YW, correlations were even smaller, and
more variation in correlations was observed across sire
breeds.
For a more objective criterion to measure the effect
of adjusting for heterogeneous variances on selection
response, sires were ranked on the basis of predictions
separately for Models I and II, and then the mean of
predicted breeding values of selected sires under
Model II was calculated. The difference in these
predictions of genetic means is the expected genetic
loss, if selection of sires is made ignoring heter-
ogeneity of variances across sire breeds.
Prediction of Breeding Values Within Breeds. Table 5
shows differences in mean predicted genetic values of
top 20% sires selected within each breed based on
models with and without accounting for heterogeneous
variances, for BWT, WW, and YW, and when sires are
mated to Hereford, Angus, or equally to Hereford and
Angus cows. These differences agree well with the
correlations. Generally, the larger differences in mean
genetic values were found when estimates of correla-
tions were smaller. For BWT small differences were
observed, except for Tarentaise, for which correlations
were also low. Practically the same Polled Hereford
and Charolais sires were selected under either model.
For WW, the differences tended to be somewhat
larger than for BWT and were similar for all sire
breeds except Angus. Differences were largest for
Angus sires when used equally on Hereford and Angus
cows and smallest for Tarentaise, where exactly the 
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Table 4. Product-moment (P) and rank (R) correlations between predicted breeding values from models with
and without adjusting for heterogeneous variances when sires were mated to Hereford (HH), Angus (AA), or
equally to Hereford and Angus cows (H&A) for weights at birth (BWT), 200 days (WW), and 365 days (YW)
BWT WW YW
HH AA H&A HH AA H&A HH AA H&A
Breed P R P R P R P R P R P R P R P R P R
Angus .97 .97 .96 .96 .97 .97 .92 .93 .93 .94 .81 .82 .84 .83 .91 .91 .88 .87
Hereford .95 .94 .95 .94 .95 .95 .95 .92 .93 .89 .95 .93 .80 .76 .87 .86 .85 .83
Polled Hereford .89 .85 .96 .97 .96 .96 .98 .94 .96 .93 .98 .90 .94 .90 .97 .95 .96 .92
Charolais .94 .93 .94 .94 .94 .93 .93 .92 .94 .94 .93 .93 .78 .75 .83 .82 .82 .81
Shorthorn .86 .88 .84 .85 .90 .93 .88 .85 .88 .85 .89 .89 .52 .57 .61 .69 .57 .61
Simmental .88 .88 .91 .92 .90 .91 .95 .94 .94 .91 .95 .92 .71 .53 .78 .69 .74 .63
Limousin .91 .73 .89 .77 .90 .78 .93 .86 .97 .91 .96 .92 .53 .53 .57 .64 .54 .53
Maine-Anjou .91 .75 .96 .92 .96 .95 .96 .92 .91 .92 .96 .93 .05 .01 .65 .61 .17 .16
Chianina .94 .94 .95 .95 .95 .94 .93 .94 .94 .92 .94 .93 .75 .84 .77 .90 .77 .89
Gelbvieh .98 .98 .98 .98 .98 .98 .88 .84 .84 .78 .88 .83 .75 .78 .82 .85 .79 .84
Tarentaise .28 .32 −.05 −.04 .11 −.07 .87 .54 .98 .86 .94 .89 .72 .68 .90 .96 .77 .64
Salers .75 .73 .68 .59 .76 .72 .82 .64 .76 .62 .80 .64 .72 .77 .82 .79 .77 .79
Across breeds .97 .96 .97 .96 .97 .97 .94 .94 .96 .96 .94 .94 .85 .84 .90 .90 .89 .88
Table 5. Differences in mean predicted breeding values (kg) of top 20% sires selected within each
breed based on models with and without accounting for heterogeneous variances when sires
were mated to Hereford (HH), Angus (AA), or equally to Hereford and Angus
cows (H&A) for weights at birth (BWT), 200 days (WW), and 365 days (YW)
BWT WW YW
Breed HH AA H&A HH AA H&A HH AA H&A
Angus .16 .20 .17 1.49 1.85 4.80 7.40 3.19 4.84
Hereford .12 .29 .18 .00 1.04 .38 5.19 3.32 7.98
Polled Hereford .00 .00 .00 1.65 .16 1.29 3.79 5.15 5.68
Charolais .01 .01 .00 .69 .12 .43 4.58 6.32 3.76
Shorthorn .49 .40 .09 1.73 1.22 1.21 10.14 8.36 9.25
Simmental .50 .67 .58 1.39 1.16 .89 6.71 4.19 4.90
Limousin .22 .20 .30 .12 .94 1.38 16.66 13.51 13.03
Maine-Anjou .55 .32 .10 1.06 .00 .37 20.09 4.30 10.23
Chianina .37 .36 .36 .00 .46 .51 .01 .00 .00
Gelbvieh .03 .13 .08 .52 2.03 .59 15.58 19.03 13.25
Tarentaise 6.21 .25 2.45 .00 .00 .00 .00 .00 2.27
Salers .06 .07 .04 1.94 2.12 1.73 5.95 3.30 5.28
same sires were selected. For all other sire breeds,
differences on expected mean breeding values gener-
ally varied from .4 to 2.0 kg.
For YW, differences in mean genetic values were
even larger than for WW, except for Chianina and
Tarentaise, for which basically the same sires were
selected with both models. These differences generally
ranged from 3 to 20 kg for the various sire breeds and
maternal environments.
Prediction of Breeding Values Across Breeds. The
procedure used for the analysis of data in this study
allows comparisons of predicted breeding values across
breeds. Differences of mean predicted genetic values
from models with and without adjusting for heter-
ogeneous variances for various proportions of selected
sires across breeds are shown in Table 6.
Differences in predicted genetic values of sires for
BWT were approximately the same regardless of the
proportion selected. However, those differences were
predicted to be larger (.1 kg approximately) for
matings to Hereford rather than to Angus cows.
For WW, predicted differences in genetic values of
selected sires tended to decrease as the proportion of
selected sires increased. These differences tended to be
larger (.5 kg approximately) when sires were mated
to Hereford rather than to Angus cows. Differences in
genetic values of selected sires increased as intensity
of selection also increased for YW. These differences
were larger (3 kg approximately) when sires were
mated to Hereford rather than to Angus cows. For
YW, large differences in genetic values of selected
sires were observed, ranging from 6 to 16 kg for
various maternal environments and proportions of
sires selected, in agreement with the smaller correla-
tions. As the level of heterogeneity among the
(co)variance components across sire breeds increases,
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Table 6. Differences in mean predicted breeding values (kg) of sires across breeds selected based
on models with and without accounting for heterogeneous variances for various proportions
selected (%) when sires were mated to Hereford (HH), Angus (AA), or equally to Hereford
and Angus cows (H&A) for weights at birth (BWT), 200 days (WW), and 365 days (YW)
BWT WW YW
% HH AA H&A HH AA H&A HH AA H&A
5 .26 .17 .15 2.08 2.31 1.60 16.23 11.27 9.33
10 .25 .12 .16 1.43 1.00 1.31 10.25 8.43 8.88
15 .34 .18 .22 1.33 .52 .69 10.10 7.40 8.29
20 .31 .19 .16 1.36 .34 .33 8.59 5.74 6.04
Table 7. Estimates of breed of sire effects, as deviations from Angus, from models with (HV) and
without (AV) adjusting for heterogeneous variances for weights at birth (BWT), 200 days (WW),
and 365 days (YW) when sires were mated equally to Hereford and Angus cows
BWT WW YW
Breed HV AV HV AV HV AV
Hereford 1.01 ± .40 .88 ± .37 −2.20 ± 1.98 −2.41 ± 1.81 −7.13 ± 3.24 −6.64 ± 2.72
Polled Hereford 1.90 ± .58 1.81 ± .53 7.08 ± 2.99 6.90 ± 2.57 8.35 ± 4.39 5.00 ± 3.84
Charolais 4.24 ± .43 4.28 ± .38 10.42 ± 2.30 10.17 ± 1.91 19.88 ± 3.41 18.46 ± 2.81
Shorthorn 3.26 ± .60 3.18 ± .51 10.44 ± 3.12 12.27 ± 2.53 23.10 ± 4.15 18.85 ± 3.72
Simmental 3.70 ± .50 3.48 ± .49 8.92 ± 2.62 8.16 ± 2.47 −1.07 ± 4.07 8.87 ± 3.68
Limousin 1.67 ± .50 1.64 ± .52 2.69 ± 2.96 .94 ± 2.58 −16.66 ± 3.97 ±10.08 ± 3.84
Maine-Anjou 5.36 ± .61 5.14 ± .56 9.57 ± 3.14 9.30 ± 2.76 15.77 ± 4.02 15.86 ± 4.08
Chianina 4.75 ± .66 4.80 ± .55 10.25 ± 3.14 10.01 ± 2.72 9.67 ± 4.20 11.24 ± 4.02
Gelbvieh 3.08 ± .56 3.07 ± .48 10.22 ± 2.54 10.86 ± 2.35 13.04 ± 4.31 ±12.66 ± 3.47
Tarentaise 3.17 ± 1.30 1.59 ± .80 2.93 ± 4.55 2.04 ± 3.89 −18.72 ± 4.89 −7.65 ± 5.89
Salers 2.43 ± .45 2.22 ± .51 9.88 ± 3.18 8.76 ± 2.54 16.09 ± 4.23 12.15 ± 3.72
larger differences in Table 6 are expected. Therefore,
even when no statistical test for heterogeneity was
done, there are indications that (co)variance compo-
nents were more heterogeneous for YW than for WW
(Tables 2 and 3).
These results indicate that, if Model II is the true
model, half of the differences in predicted genetic
means of selected bulls shown in Table 6 would be
gained in the following calf crop.
Breed of Sire Effects. Estimates of breed of sire
effects, as deviations from Angus, when sires are to be
equally used on Hereford and Angus cows, are
presented in Table 7 for BWT, WW, and YW.
Breed of sire effects for BWT were approximately
the same size for models with and without heterogene-
ous variances, except for Tarentaise. Similar results
were observed for WW. For YW, however, larger
differences in breed of sire effects were observed
between the two models, mainly for Tarentaise (11.1
kg), Simmental (9.9 kg), Limousin (6.6 kg), Short-
horn (4.3 kg), and Salers (3.9 kg).
Standard errors of breed of sire effects for BWT,
WW, and YW calculated from models with and
without accounting for heterogeneous variances are
also shown in Table 7. Standard errors accounting for
heterogeneous variances were larger than those when
heterogeneity was ignored. These standard errors
were calculated incorrectly deliberately (because of
programming restrictions). This can be explained
using a simple model as follows:
Let Model II be y = Xb + e with Var(y) = V and this
is the true model, and let Model I be y = Xb + e with
Var(y) = M where M .ne. V. The solutions are:
bÃ II = (X ′V−1X)−(X ′V−1y) and
bÃI = (X ′M−1X)−(X ′M−1y).
Then, error variances are:
Var(bÃ II) = (X ′V−1X)− and
Var(bÃ I) = (X ′M−1X)−X′M−1VM−1X(X′M−1X)−.
However, Var(bÃ I) = (X ′M±1X)± was used in this
study.
Thus, standard errors for the homogeneous vari-
ance model were forced to be smaller than those for
the heterogeneous variance model.
General. The presence of heterogeneous variances
across herds or milk production levels has been
reported in dairy cattle (e.g., Van Vleck and Bradford,
1964; Boldman and Freeman, 1990). Different alter-
natives have been proposed to account for heterogene-
ous variances, ranging from ignoring heterogeneity, 
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Figure 1. Ranges in predicted breeding values of
Angus (AA), Hereford (HH), Polled Hereford (PH),
Charolais (CH), Shorthorn (SH), Simmental (SM),
Limousin (LM), Maine-Anjou (MA), Chianina (CI),
Gelbvieh (GB), Tarentaise (TA), and Salers (SA) sires
from models accounting for heterogeneous variances
when sires are used on HH, AA, or equally on HH and
AA (H&A) cows for birth weight.
Figure 2. Ranges in predicted breeding values of
Angus (AA), Hereford (HH), Polled Hereford (PH),
Charolais (CH), Shorthorn (SH), Simmental (SM),
Limousin (LM), Maine-Anjou (MA), Chianina (CI),
Gelbvieh (GB), Tarentaise (TA), and Salers (SA) sires
from models accounting for heterogeneous variances
when sires are used on HH, AA, or equally on HH and
AA (H&A) cows for 200-d weight.
Figure 3. Ranges in predicted breeding values of
Angus (AA), Hereford (HH), Polled Hereford (PH),
Charolais (CH), Shorthorn (SH), Simmental (SM),
Limousin (LM), Maine-Anjou (MA), Chianina (CI),
Gelbvieh (GB), Tarentaise (TA), and Salers (SA) sires
from models accounting for heterogeneous variances
when sires are used on HH, AA, or equally on HH and
AA (H&A) cows for 365-d weight.
through transformation and standardization of
records, to use of multiplicative mixed models or of
multiple-trait models (Hill, 1984; Gianola, 1986; Van
Vleck, 1987; Visscher et al., 1991; Kachman and
Everett, 1993). The consensus is that, if variance and
covariance components are known, the best approach
to adjust for heterogeneous variances is to consider the
expression of a genotype in different environments to
be different traits (Falconer, 1952; Henderson, 1984;
Gianola, 1986; Van Vleck, 1987). Under these circum-
stances, and having the correct model, use of mixed-
model procedures will result in BLUE (Henderson et
al., 1959) of fixed effects and in BLUP (Henderson,
1963) of random effects. Because (co)variances and
the true model are never known, in this study
estimates of the population parameters were used to
set up the mixed-model equations, and the heterogene-
ous variance model was assumed to be closer to the
true model; thus, solutions for fixed and random
effects are approximations to BLUE and BLUP,
respectively.
Effects of adjusting for heterogeneous variances on
predicted breeding values, measured through correla-
tions or mean predicted genetic values of selected
sires, were small for BWT, intermediate for WW, and
larger for YW. Sizable effects of adjusting for heter-
ogeneous variances (ranging from 6 to 16 kg) were
observed for YW on predicted breeding values of
selected sires across breeds. The potential implication
of these results is for comparison of sires across
different breeds for crossbreeding in commercial beef
cattle production systems. If sires are selected based
on models accounting for heterogeneous variances,
results from this study suggest that one-half of the
differences presented in Table 6 can be gained in the
following calf crop.
Variation on predictions of breeding values across
breeds from these analyses includes both within- and
among-breed genetic variability. Figures 1, 2, and 3
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Figure 4. Percentages of Angus (AA), Polled Hereford
(PH), Charolais (CH), Shorthorn (SH), Simmental (SM),
Maine-Anjou (MA), Chianina (CI), Gelbvieh (GB), and
Salers (SA) sires that are selected for 200-d weight at
various selection intensities based on an across-breed
ranking of predicted breeding values.
Figure 5. Percentages of Angus (AA), Hereford (HH),
Polled Hereford (PH), Charolais (CH), Shorthorn (SH),
Simmental (SM), Maine-Anjou (MA), Chianina (CI),
Gelbvieh (GB), and Salers (SA) sires that are selected for
365-d weight at various selection intensities based on an
across-breed ranking of predicted breeding values.
show within-breed ranges of predicted breeding values
of sires from models with heterogeneous variances, for
BWT, WW, and YW, respectively, when sires were to
be used on Hereford, Angus, or equally on Hereford
and Angus cows. These ranges are greatly influenced
by the sample of sires used in this experiment but give
an idea of within-breed genetic differences. Ranges in
predicted breeding values differed by breed of sire.
Ranges in predicted breeding values within sire breeds
were averaged across breeds when sires were to be
used on Hereford, Angus, or equally on Hereford and
Angus cows, and were, respectively, 8.8, 8.3, and 8.2
kg for BWT, 38.4, 33.8, and 35.3 kg for WW, and 88.8,
82.0, and 84.3 kg for YW. Ranges in predicted
breeding values varied depending on the maternal
environment in which their progeny were raised,
mainly for WW and YW.
Because performance data were recorded on calves
out of several sire breeds mated to common dam
breeds, breed of sire differences estimate only half of
the direct breed effects. Thus, breed effects were
calculated as twice the breed of sire effects. Ranges in
breed effects when sires were to be used on Hereford,
Angus, or equally on Hereford and Angus cows were,
respectively, 10.4, 11.0, and 10.7 kg for BWT, 27.8,
30.9, and 25.3 kg for WW, and 114.1, 79.4, and 83.6 kg
for YW.
Breed group effects and deviations due to direct
genetic effects are combined when obtaining predic-
tions of genetic values in these analyses. Ranges in
predicted breeding values across breeds when sires
were to be used on Hereford, Angus, or equally on
Hereford and Angus cows were, respectively, 25.7,
24.8, and 25.0 kg for BWT, 86.1, 71.1, and 73.4 kg for
WW, and 203.9, 193.3, and 184.4 kg for YW. These
results agree with previous reports indicating that the
range in breed differences is of similar magnitude to
that for breeding values of individual animals within a
sire-breed type (Cundiff et al., 1986).
Potential problems associated with the possibility of
comparing sires across breeds have been discussed by
Van Vleck (1989). One of these problems relates to
the number of traits that need to be evaluated in order
to make fair comparisons of sires among breeds. This
is illustrated in Figures 4 and 5. Those figures show
the percentage of sires from a breed that would be
selected based on an across-breed ranking of predicted
breeding values from models with heterogeneous
variances, for WW and YW and for various selection
intensities. Only breeds with selected sires are shown
in these figures. Obviously, if only growth traits, such
as WW and YW, are the selection criteria, sires from
only a few breeds would be chosen. For example, if YW
is the selection criterion, 40 to 70% of the bulls
selected across breeds would be Charolais, depending
on the intensity of selection applied. Therefore,
continuing efforts to provide genetic evaluations for
additional economically important traits are required
for fair comparison of sires across breeds to increase
efficiency in particular production environments. An
additional problem is that errors of estimating sire-
breed effects are repeated every time these effects are
used to estimate those breeding values (NuÂnÄez-
Dominguez et al., 1993b). Then, every animal in a
breed can falsely benefit from a favorable error and
every animal in another breed can be handicapped by
an unfavorable error in estimation of sire-breed
effects. This problem may partially explain the
differences in breed of sire ranking in Figures 4 and 5.
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Table 8. Mean predicted breeding values (kg) of top 20% sires selected within each breed from a
model accounting for heterogeneous variances when sires were mated to Hereford (HH),
or to Angus (AA) cows for weights at birth (BWT), 200 days (WW), and 365 days (YW)
BWT WW YW
Breed HH AA HH AA HH AA
Angus 7.36 6.20 26.42 24.43 60.49 52.67
Hereford 8.21 7.05 11.50 13.96 41.67 39.87
Polled Hereford 10.17 10.62 57.14 35.39 87.65 55.88
Charolais 14.32 13.21 33.12 40.93 90.10 96.22
Shorthorn 11.31 10.86 32.93 36.92 99.22 61.85
Simmental 12.59 11.14 39.80 37.34 78.89 47.99
Limousin 8.18 7.30 16.76 25.01 29.03 7.64
Maine-Anjou 16.39 16.42 31.84 40.83 64.33 72.52
Chianina 14.99 14.01 36.21 41.21 55.67 80.32
Gelbvieh 12.44 11.37 33.33 41.99 76.70 83.08
Tarentaise 12.95 9.49 21.09 23.95 −2.25 7.30
Salers 8.63 6.12 44.65 31.32 75.51 53.54
In NuÂnÄez-Dominguez et al. (1993a), potential
reranking of sires when producing progeny in different
maternal environments was indicated. Thus, it is
expected that sire evaluations may differ depending on
the breeds of their mates. Table 8 presents means for
BWT, WW, and YW of predicted breeding values of
sires selected within breed (top 20%) when mated to
Hereford or Angus cows. Differences in mean genetic
values of selected sires when evaluated on Hereford vs
Angus cows were relatively small for BWT (except for
Tarentaise), but large differences were found for WW
(e.g., from 8.3 to 21.8 kg for Polled Hereford,
Limousin, Maine-Anjou, and Salers) and YW (e.g.,
from 21.4 to 37.4 kg for Polled Hereford, Shorthorn,
Simmental, Limousin, Chianina, and Salers). There-
fore, treating calf performance in different maternal
environments as different traits seems justified, at
least for WW and YW.
Similar specific heterosis effects among Bos taurus
crosses has been assumed (Cundiff et al., 1986) in
these analyses, because in topcross experiments, sire-
breed effects are completely confounded with heterosis
effects. However, differences in specific heterosis may
exist if breeds differ in level of inbreeding, because
heterosis can be interpreted as the recovery of
inbreeding depression that has been accumulated in a
breed (Dickerson, 1973). Even differences in specific
heterosis of 2% to 4% of the phenotypic mean may
cause considerable bias on estimates of breed effects,
and therefore on predicted breeding values (Van Vleck
and NuÂnÄez-Dominguez, 1991). Thus, data from which
breed and heterosis effects can be separated by
appropriate modeling are needed to obtain unbiased
evaluations of sires across breeds.
Models for prediction of breeding values that
account for heterogeneous variances across breed
groups and that allow for reranking of sires evaluated
in different maternal environments were used in this
study. Complexity of the models can be increased by
fitting random intra- and interloci interactions,
provided that enough data with nonadditive relation-
ships are available (Elzo and Famula, 1985; Arnold et
al., 1992). However, a balance between completeness
of the model and feasibility of doing the computations
is often required, particularly when large data sets are
analyzed.
Implications
Data from topcross experiments can be used to
evaluate the importance of adjusting for heterogene-
ous variances among breed groups for prediction of
breeding values. Results from this study indicate that
some additional economic returns may be gained by
commercial beef cattle producers if sires are chosen
across breeds based on predicted genetic values
computed with models accounting for heterogeneous
variances. Separate predictions of breeding values for
bulls to be mated to Hereford or Angus cows may be of
economic benefit, especially for 200- and 365-d
weights. Costs of obtaining and analyzing crossbred
data should be considered.
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